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ABSTRACT 

A vor t ex  tube  has  c e r t a i n  advantages  as a chemical r eac to r ,  e s p e c i a l l y  i f  the  
r e a c t i o n s  a r e  endothermic,  t h e  r e a c t i o n  pathways a r e  tempera ture  dependent ,  and t h e  
products  are tempera ture  s e n s i t i v e .  With low temperature d i f f e r e n c e s ,  t h e  vo r t ex  
r e a c t o r  can t r ansmi t  enormous h e a t  f l u x e s  t o  a process  s t ream con ta in ing  e n t r a i n e d  
s o l i d s .  h i s  r e a c t o r  has  n e a r l y  plug flow and is i d e a l l y  s u i t e d  f o r  t h e  product ion  
of p y r o l y s i s  o i l s  from biomass a t  low p r e s s u r e s  and r e s idence  times t o  produce about  
10 w t  % char ,  13% water,  7% g a s ,  and 70% oxygenated primary o i l  vapors  based on mass 
balances.  'Ihis product d i s t r i b u t i o n  was v e r i f i e d  by carbon,  hydrogen, and oxyRen 
elemental balances.  The o i l  p roduct ion  appears  t o  form by fragmenting a l l  of t he  
major c o n s t i t u e n t s  o f  t h e  hiomasn. 

INTRODUCTION 

The p y r o l y s i s  of biomass fo l lows  a complex se t  of d i f f e r e n t  chemical pathways, which 
have thus  f a r  no t  been w e l l  e s t ab l i shed .  However, s e v e r a l  g l o b a l  pathways have  been 
e s t ab l i shed .  which exp la in  most of t h e  observed phenomena. As shown i n  F igu re  1. 
t h e  f i r s t  r eac t ion  in f a s t  p y r o l y s i s  of biomass is t h e  depolymer iza t ion  of t h e  
l i g n o c e l l u l o s e  macropolymers t o  form v i scous  primary o i l  p recursors .  These 
p recu r so r s  a r e  formed w i t h  almost no by-products, and consequent ly  t h e i r  e l emen ta l  
composition i s  very  similar t o  t h e  o r i g i n a l  biomass. With low h e a t i n g  rates, much 
of t h e  primary o i l  p recu r so r s  c a n  repolymer ize  t o  the rma l ly  s t a b l e  polymers th rough  
t h e  e l imina t ion  of mostly water t o  even tua l ly  form t h e  m a t e r i a l  known as char. 
Phys ica l  evidence f o r  a l i q u i d  or  p l a s t i c  phase in t e rmed ia t e  i n  t h e  fo rma t ion  o f  
char  is t h e  phys ica l  shr inkage  of t h e  macrodimensions of wod .  which t akes  p l ace  
dur ing  cha r r ing  (1) i n  a manner analogous t o  hea t  sh r inkab le  polye thylene  tub ing .  
If t h e  hea t ing  of t h e  biomass proceeds very  quick ly  t o  tempera tures  above 450OC. 
most of t h e  primary o i l  p r e c u r s o r s  can  c r a c k  and vapor i ze  b e f o r e  t h e y  form char.  In 
t h e  vapor state. t h e  primary o i l  molecules are q u i t e  d i l u t e ,  which slows p o s s i b l e  
second-order po lymer iza t ion  r eac t ions .  This d i l u t i o n  allows any u n s t a b l e  pr imary  
o i l  vapors  t o  be conver ted  by f i r s t - o r d e r  r e a c t i o n s  t o  more s t a b l e  compounds, which 
can be co l l ec t ed  from a r e a c t o r  des igned  t o  have a s h o r t  gaseous  r e s idence  t i m e  
followed by rap id  quenching. h e r m a l  s t a b i l i t y  is r e l a t i v e ,  however, and these  
s t a b i l i z e d  primary o i l  vapors  r e a d i l y  c rack  t o  gases  fo l lowing  a g l o b a l  f i r s t - o r d e r  
r e a c t i o n  (2) .  h e  cracking  of t h e  primary o i l  vapors  proceeds w i t h  a 10% l o s s  in 
36 m s  a t  7OO0C and ex t r apo la t ed  10% l o s s e s  i n  6 m s  a t  9OO0C and 591 m s  a t  500°C. 

Obviously,  t h e  lower t h e  tempera ture  of t h e  primary vapors i n  t h e  r e a c t o r ,  t h e  
g r e a t e r  t h e  y i e ld  of primary vapor s  which can  s u r v i v e  pas s ing  th rough  t h e  r e a c t o r  t o  
t h e  quench zone. Hinimizing t h e  t i m e  r equ i r ed  t o  t r a v e l  from t h e  vapor format ion  
zone in t h e  r e a c t o r  t o  a lower tempera ture  quench zone a l s o  h e l p s  t o  maximize t h e  
primary oil vapor y i e l d s .  The i d e a l  r e a c t o r  would t h u s  provide  l a r g e  h e a t  f l u x e s  
p r e f e r e n t i a l l y  t o  t h e  pyro lyz ing  biomass p a r t i c l e .  wh i l e  n o t  ove rhea t ing  t h e  s u r f a c e  
of  t h e  p a r t i c l e  t o  cause  c rack ing  of t h e  primary vapors t o  gases  a s  t he  vapors  
escape  the  su r face  of t h e  p a r t i c l e .  h e  i d e a l  r e a c t o r  would a l l o w  t h e  vapor s  t o  b e  
immediately swept away by a c o l d e r  carrier g a s  s t ream out  of t h e  r e a c t o r  t o  a cold 
quench zone i n  o r d e r  t o  p re se rve  as much of t h e  vapors  as poss ib le .  h e  r e s i d e n c e  
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t i m e  of t h e  biomass p a r t i c l e s  i n  t h e  i d e a l  r e a c t o r  must be long enowh  t o  ensure 
complete p y r o l y s i s ,  bu t  t h e  accumulat ion of dead cha r  i n  t h e  r e a c t o r  is 
undes i r ab le .  It would a l s o  be  advantageous i f  t h e  r e a c t o r  could s e l e c t i v e l y  remove 
dead char  and r e c y c l e  p a r t i a l l y  pyrolyzed p a r t i c l e s .  

The use of thermal r a d i a t i o n  f o r  f a s t  p y r o l y s i s  h a s  been explored,  a s  t h i s  approach 
p r e f e r e n t i a l l y  h e a t s  t h e  s o l i d  wi th  p o t e n t i a l l y  h i g h  h e a t  f l w e s .  However, hea t ing  
t h e  p a r t i c l e  w i th  a h igh  temperature  h e a t  sou rce  can d r i v e  t h e  s u r f a c e  temperature 
of t h e  p a r t i c l e  t o o  h igh  and some vapor c rack ing  would be  expected. 'Ihe u s e  of  hot 
f l u e  gases  or hot  s o l i d s  a s  a h e a t  t r a n s f e r  medium r e q u i r e s  t h a t  they be a t  very 
high temperatures  t o  l e s s e n  t h e  amount of t h e  medium which must be generated o r  
r ecyc led ;  f l u e  gases  or h o t  sand a t  900' t o  1000°C have been used f o r  f a s t  
p y r o l y s i s ,  but tend t o  produce h i g h e r  y i e l d s  of noncondensible g a s e s  from cracking 
t h e  primary p y r o l y s i s  o i l  vapor s  t o  g a s e s  a s  desc r ibed  above. ' h e  i d e a l  r e a c t o r  fo r  
t h e  py ro lys i s  of biomass t o  primary o i l s  would ach ieve  high h e a t  t r a n s f e r  r a t e s  
through t h e  use of  a mechanism which has  an i n h e r e n t l y  high hea t - t r ans fe r  
c o e f f i c i e n t ,  r a t h e r  t h a n  through t h e  u s e  of  a high-temeprature source.  Such a hea t  
t r a n s f e r  mechanism i s  a t t a i n e d  by t h e  conduct ion of hea t  from a moderately hot 
r e a c t o r  wa l l  d i r e c t l y  t o  t h e  biomass p a r t i c l e .  

It can be r e a d i l y  demonstrated t h a t  when a s t a i n l e s s  s t e e l  w i re  a t  500' t o  9OO0C is  
con tac t ed  wi th  a m o n o l i t h i c  p i e c e  of  biomass,  t h e  biomass s u r f a c e  is a b l a t i v e l y  
pyrolyzed and converted t o  a l i q u i d  which a l lows  passage of t h e  wi re  and t o  vapors 
which condense t o  form smoke. I f  t h e  s t o r e d  energy i n  t h e  wire  i s  t r a n s f e r r e d  t o  
t h e  biomass by s l i d i n g  t h e  wi re  a c r o s s  t h e  biomass,  p y r o l y s i s  r a t e s  over  3 cm/sec 
a r e  observed (3). This method of h e a t  t r a n s f e r  h a s  been s t u d i e d  by pushing a wooden 
rod i n t o  a heated,  s t a i n l e s s  s t e e l  d i s k ,  and t h e  p y r o l y s i s  r a t e  has  been found t o  be 
p ropor t iona l  t o  t h e  p r e s s u r e  exe r t ed  and t o  t h e  temperature  d i f f e r e n c e ,  where t h e  
biomass s u r f a c e  w a s  c a l c u l a t e d  t o  be pyrolyzing a t  466OC. Heat t r a n s f e r  
c o e f f i c i e n t s  a s  h i g h  a s  8 W/cm2 were r e p o r t e d ,  which is over  300 t imes h ighe r  than 
f o r  thermal  r a d i a t i o n  from a w a l l  a t  900°C having an e m i s s i v i t y  of one (4).  

Although a r e a c t o r  can be designed t o  push wooden rods  i n t o  a hot  s u r f a c e  f o r  
r e s e a r c h  purposes (4, S),  most p r a c t i c a l  biomass f eeds tocks  a r e  expected t o  be  i n  
t h e  form of  sawdust or ch ips .  A modified entrained-bed r e a c t o r  was s e l e c t e d  i n  
which the  e n t r a i n e d  p a r t i c l e s  e n t e r  t h e  r e a c t o r  t a n g e n t i a l l y  so t h a t  c e n t r i f u g a l  
f o r c e s  push t h e  f e e d s t o c k  p a r t i c l e s  on to  t h e  e x t e r n a l l y  heated c y l i n d r i c a l  wal l .  
Drag f o r c e s  induced on t h e  p a r t i c l e  by t h e  e n t r a i n i n g  g a s  s t ream s e r v e  t o  keep the 
p a r t i c l e s  moving on t h e  wal l .  Since t h e  p a r t i c l e s  a r e  on or v e r y  n e a r l y  on t h e  
w a l l ,  they tend t o  i n t e r c e p t  p r e f e r e n t i a l l y  t h e  h e a t ,  which i s  conducted through the 
r e a c t o r  wall .  With nonreac t ing  s o l i d  p a r t i c l e s  i n  a hea t  exchanger made from a 
cyclone sepa ra to r ,  t h e  t o t a l  h e a t  t r a n s f e r r e d  t o  t h e  p rocess  s t ream was r e l a t i v e l y  
independent of t h e  s o l i d s '  c o n t e n t  a t  ca r r i e r - to - so l id s  (C/S) mass r a t i o s  a s . 1 0 ~  a s  
one, whereas with more s o l i d s ,  t h e  h e a t  t r a n s f e r r e d  inc reased  d rama t i ca l ly .  The 
temperature  rise i n  t h e  g a s  s t r eam was as  l i t t l e  a s  h a l f  of t h a t  s een  i n  t h e  s o l i d s  
a t  t h e s e  l o w  C/S r a t i o s .  The h e a t  t r a n s f e r  c o e f f i c i e n t  from t h e  w a l l  to  a so l id s -  
f r e e  gas  w a s  foiind t o  f o l l o w  t r a d i t i o n a l  convec t ive  h e a t  t r a n s f e r  r e l a t i o n s h i p s ,  but 
t o  be 1.8 t imes h i g h e r  i n  t h e  cyclone than  i n  a s t r a i g h t  t ube  f o r  t h e  same en te r ing  
tube  diameter  and e n t e r i n g  g a s  v e l o c i t i e s  (6). A r epor t ed  p r o p e r t y  of a cyclone i s  
t h a t  above an e n t e r i n g  Reynold's number of 3000, t h e  cyclone has  plug f low (7). "he 
cyclone is an i n t e r e s t i n g  r e a c t o r  concept f o r  t h e  p y r o l y s i s  of  biomass,  a s  reported 
i n  t h e  l i t e r a t u r e  (7 ,  8). However, t h e  r e a c t o r  of i n t e r e s t  i n  t h i s  paper i s  a 
v o r t e x  tube ,  which h a s  many s i m i l a r i t i e s  t o  a cyclone s e p a r a t o r .  

Vortex tubes  have a t a n g e n t i a l  e n t r a n c e  i n t o  one end of  a c y c l i n d r i c a l  t ube  and an 
e x i t  a t  t h e  o t h e r  end of  t h e  tube.  I f  a second e x i t  is added n e a r  t h e  t a n g e n t i a l  
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316 SS c y l i n d r i c a l  vo r t ex  tube  wa l l  was machined t o  l eave  a 3mm high  and 3-m wide 
r a i s e d  h e l i c a l  r ib .  High-speed movies taken  of t h e  cold-flow system v e r i f i e d  t h a t  
the r a i s e d  r i b  forced  t h e  s o l i d s  t o  t ake  t h e  des i r ed  t i g h t  h e l i c a l  pa th  (13). A 

I. t r a c e r  gas  experiment,  fo l lowing  t h e  progress  of propane p y r o l y s i s ,  v e r i f i e d  tha t  
t h i s  r e a c t o r  des ign  was e s s e n t i a l l y  plug flow, wi th  t h e  i n n e r  v o r t i c e s  c o n t r i b u t i n g  
a ve ry  sma l l  amount of i n t e r n a l  r ecyc l ing  ( 1 4 ) .  
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The temperature a t  the e x i t  of t h e  i n s u l a t e d ,  but unheated, r e c y c l e  loop is 
t y p i c a l l y  400' t o  45OoC. 'Ihe c a r r i e r  gas  is preheated t o  between 600' and 7OO0c 
p r i o r  t o  expansion through t h e  e j e c t o r  nozzle.  With these  c o n d i t i o n s ,  the 
temperature  of  t h e  p y r o l y s i s  s t ream i s  480' t o  520°C, as i t  e x i t s  t h e  v o r t e x  r e a c t o r  
system. About 10% of t h e  feed is converted t o  cha r ,  which is recycled with the 
scorched feed u n t i l  i t  is a t t r i t e d  t o  l e s s  t h a n  5 0  micrometers i n  s i z e .  'he vor t ex  
r e a c t o r  system a c t s  as a p a r t i c l e  size c l a s s i f i e r ,  and t h e  cha r  f i n e s  a r e  en t r a ined  
o u t  of t h e  vo r t ex  system t o  be  removed by a cyclone s e p a r a t o r  having a higher  
c o l l e c t i o n  e f f i c i e n c y .  I h e  f i n e  c h a r  h a s  a v o l a t i l e  con ten t  of 15% t o  20% and burns 
r e a d i l y ,  e s p e c i a l l y  when hot .  The bulk d e n s i t y  of t h e  f i n e  cha r  i s  between 0.18 and 
0 . 2 4  g/mL, depending upon whether it was f r e s h l y  poured o r  has  been allowed t o  
s e t t l e  ( t h e  bulk d e n s i t y  of  t h e  sawdust f eeds tock  was 0.24  g/mL). 'Ihe empi r i ca l  
formula f o r  t h i s  v o l a t i l e  cha r  is C H 0 , 5 3 0 0 , 1 2 ,  and it has  a hea t ing  value (HHV) of 
33 k J / g  ( 1 4 , 0 0 0  Btul lb) .  A microscopic  examinat ion of t h e  cha r  f i n e s  shows t h a t  t h e  
p a r t i c l e s  have t h e  appearance of  broken thin-wal led tubes ;  i.e., charred and broken 
c e l l  wa l l s .  

As noted above, t h e  primary vapor s  a r e  c rack ing  s i g n i f i c a n t l y  even a t  5OO0C and a 
r e s idence  time of h a l f  a second. I f  t h e  r e c y c l e  loop  of t h e  vo r t ex  r e a c t o r  is 
removed, t h e  y i e l d  of  permanent g a s e s  is about  3%, based on t h e  r eac t ed  feed. The 
i n i t i a l  g a s e s ,  which a r e  formed under t h e s e  c o n d i t i o n s ,  a r e  e x t r a o r d i n a r i l y  r i c h  i n  
carbon d iox ide  and a r e  a s s o c i a t e d  w i t h  t h e  formation of  char.  With t h e  r e c y c l e  loop 
open, some of t h e  pr imary p y r o l y s i s  vapors  a r e  r ecyc led  along w i t h  t h e  c a r r i e r  gas ,  
unreacted s o l i d s ,  and l a r g e  char.  The a d d i t i o n a l  time. which t h e  recycled primary 
vapors  spend i n  t h e  vo r t ex  r e a c t o r  l e a d s  t o  a small  l o s s  i n  t h e  y i e l d  of primary 
vapor s  and a higher  y i e l d  of noncondensible  g a s e s  of about 7%. lhe composition of 
t h e  gases  s h i f t s  cons ide rab ly  from t h e  i n i t i a l  gases  formed t o  t h a t  a s s o c i a t e d  with 
a sma l l  loss of primary vapors.  An even g r e a t e r  sh i f t  i n  t h e  gas  composition occurs 
with more ex tens ive  c rack ing  of t h e  primary vapors  t o  produce an assymptot ic  g a s  
composi t ion a s  t h e  primary vapors  nea r  e x t i n c t i o n ,  which i s  low i n  carbon dioxide,  
a s  shown i n  Table 1. 

The experimental  de t e rmina t ion  o f  t h e  feed consmed,  t h e  cha r  y i e l d ,  and the  
noncondensible gas  y i e l d s  a r e  r e l a t i v e l y  s t r a igh t fo rward .  However, t h e  primary 
vapor  and water y i e l d s  have proven d i f f i c u l t  t o  measure d i r e c t l y  due to  the  
formation of ae roso l s .  These a e r o s o l s  escape high-pressure s p r a y s ,  cyclofiic 
s e p a r a t o r s ,  and impingement o r  i n e r t i a l  c o l l e c t i o n  techniques.  The use of 
condensible  steam a s  t h e  c a r r i e r  g a s  makes t h e  water  y i e l d  ve ry  s e n s i t i v e  t o  small  
measurement e r r o r s  i n  t h e  steam c a r r i e r  g a s  flow. I h e  use of noncondensible gases  
as t h e  c a r r i e r  t e n d s  to  s t r i p  t h e  v o l a t i l e  o r g a n i c s  and t h e  water  o f  p y r o l y s i s  from 
t h e  condensate. These c o n s i d e r a t i o n s  have l ed  t o  t h e  use of  a noncondensible 
c a r r i e r  gas, n i t r o g e n ,  and t o  t h e  de t e rmina t ion  of  t h e  water formed dur ing  p y r o l y s i s  
and t h e  primary o i l  y i e l d  by d i f f e r e n c e .  By ana lyz ing  t h e  recovered condensate for 
wa te r ,  t h e  y i e l d  of water  may b e  determined. These techniques l e d  t o  t h e  conclusion 
t h a t  y i e l d s  of about 70% primary vapors  were achieved, based on taking the  
d i f f e r e n c e  between the  sawdust f ed  and t h e  measured g a s  flow and cha r  c o l l e c t e d .  
c o r r e c t i n g  f o r  t he  water  c o n t e n t  o f  t h e  condensates.  Af t e r  e lemental  compositions 
were obtained f o r  t h e  feed and t h e  c o l l e c t e d  p roduc t s ,  an elemental  balance was 
computed which v e r i f i e d  t h e  high pr imary vapor  y i e l d s  of  69 t o  77 w t  X ,  a s  shown in 
Table 2, based on t h e  y i e l d  of recovered c h a r  (2). 

The Primary p y r o l y s i s  o i ls ,  which have been recovered from the vo r t ex  r eac to r ,  a r e  
h igh ly  oxygenated and have n e a r l y  t h e  same elemental  composition a s  t h e  biomass 
feedstock.  ' h e  o i l s  have a da rk  brown c o l o r  and a r e  a c i d i c  with a pH between two 
and th ree .  'he h e a t i n g  v a l u e  (HHV) of  t h e  d r y  oils is 20 t o  22 kJ/g (8700 t o  
9 5 0 0  Btu/lb).  The oils can absorb up t o  about 25% water be fo re  forming twO 
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phases.  The v i s c o s i t y  of  t h e  oils was 1300 cp a t  3OoC, and t h e  d e n s i t y  was 1.3 g/mL 
(15) .  Although t h e  primary vapors  have a low molecular  weight a s  determined by t h e  
FJMBMS ( 1 6 ) ,  t h e y  r a p i d l y  polymerize upon phys ica l  condensation t o  form high- 
molecular-weight compounds in t h e  o i l s  (17). Attempts t o  s lowly d i s t i l l  t h e  oils 
l e d  t o  t h e  r ap id  polymerizat ion o f  t h e  oils b o i l i n g  above 100°C ( 1 5 ) .  The o i l s  have 
s i g n i f i c a n t  chemical a c t i v i t y ,  which sugges t s  t h e i r  p o t e n t i a l  use i n  l o w s o s t  
adhes ives ,  c o a t i n g s ,  and p l a s t i c s .  

The concept of supplying h e a t  through t h e  wa l l  of a vo r t ex  r e a c t o r  to  d r i v e  
endothermic processes  is i n  i ts e a r l y  developnent.  The scale-up p o t e n t i a l  o f  t h i s  
concept  depends upon t h e  angu la r  momentm of t h e  s w i r l i n g  c a r r i e r  gases  t o  keep t h e  
e n t r a i n e d  feed p a r t i c l e s  moving on t h e  wal l .  me h e a t  f l u x  d e l i v e r e d  t o  t u b u l a r  
py$o lys i s  r e a c t o r s  t y p i c a l l y  ranges between 5 and 15 W/cm2 (20 .000  t o  50,000 Btu/hr- 
f t  ). Reported d a t a  f o r  vo r t ex  t u b e s  i n d i c a t e s  t h a t  with d i ame te r s  l a r g e r  t h a n  
2.5 cm most of t h e  angular  momentwn is r e t a i n e d  even a f t e r  t r a v e l i n g  a tube l eng th  
equ iva len t  t o  20 tube diameters .  The major momentm l o s s e s  a r e  due t o  t h e  
f r i c t i o n a l  con tac t  of t h e  s o l i d s  and t h e  gases  wi th  t h e  vortex-tube wall. With 
l a r g e r  vo r t ex  t u b e s  needed f o r  scale-up,  t h e  angu la r  momentm of  t h e  p rocess  s t ream 
w i l l  i n c r e a s e  more than t h e  f r i c t i o n a l  l o s ses .  The h e a t  t r a n s f e r r e d  t o  t h e  r e a c t o r  
w i l l  s c a l e  by the  product  o f  t h e  diameter  AND t h e  length.  These c o n s i d e r a t i o n s  have 
l e d  to  c a l c u l a t i o n s  which suggest  t h a t  a vo r t ex  r e a c t o r  w i th  a 250 TPD c a p a c i t y  
would have a diameter  of only about 0 .5  m and a l e n g t h  of  9 t o  12 m. ' h e  
f a b r i c a t i o n  technique would most l i k e l y  be by t h e  welding up o f  a s p i r a l l y  wrapped 
tube  t o  form the  raised, h e l i c a l  r i b .  

CONCLUSIONS 

For t h e  f a s t  p y r o l y s i s  of biomass, a vo r t ex  r e a c t o r  h a s  s i g n i f i c a n t  advantages f o r  
t h e  product ion of primary p y r o l y s i s  vapors ,  i nc lud ing :  high hea t  t r a n s f e r  
c o e f f i c i e n t s  which al low t h e  use  of moderately low temperatures  of t h e  vo r t ex  
r e a c t o r  w a l l s  t o  supply t h e  endothermic hea t  of p y r o l y s i s ;  s e p a r a t i o n  of  t h e  
p a r t i a l l y  pyrolyzed feed p a r t i c l e s  from t h e  char;  t h e  a b i l i t y  t o  r e c y c l e  t h e  
p a r t i a l l y  pyrolyzed f eed ;  t h e  a b i l i t y  t o  accep t  a wide spectrum of p a r t i c l e  s i z e s  i n  
t h e  feed;  s h o r t  gaseous r e s idence  t imes;  n e a r l y  plug flow; and p r e f e r e n t i a l  hea t ing  
of t h e  s o l i d  feed over t h e  vapor s t ream, t o  p re se rve  t h e  primary vapors.  Primary 
p y r o l y s i s  vapor y i e l d s  i n  t h e  70% range have been ca l cu la t ed  by mass ba l ances  and 
v e r i f i e d  by elemental  ba l ances ,  a l though phys ica l  c o l l e c t i o n  of t h e s e  vapors  h a s  
proven t o  be e l u s i v e  due t o  t h e  formation of p e r s i s t e n t  a e r o s o l s  and due to  the 
v o l a t i l i t y  of t h e  vapors i n  t h e  c a r r i e r  g a s  (methods t o  recover  t h e s e  vapor s  more 
completely with p r a c t i c a l  means a r e  under development). 
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Table 1. Pyrolys is  Gas Composition at Various Cracking Sever i t ies  (mol %) 
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a b l e  2. Elemental Balance for Fast Pyrolysis to Primary Vapors 

Feed + Primary k'apors + Water + Char + Gas 

CH1.400.62 + CH1.200.49 + H2° + CH0.5300.12 -+ CH0.3801.33 

Exp . 
Char Yield Primary Vapors Water Prompt Gas 

7.5 

10.5 

12.7 

76.8 11.7 4.0 

73.1 12.8 4.1 

69.0 14.0 4.3 
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NACROPOLYMERIC OLIGOMERIC RONOMER I C  SECONDARY 
BioMss SOLIDS - L I O U I D S  - PRIMARY VAPORS - GASES 

~ C R O P O L Y V E R  
CHAR S O L I D S  + H2° + 'OX 

F I G U R E  1. GLOBAL REACTIONS I N  FAST PYROLYSIS 
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F I G U R E  2. VORTEX REACTOP SCHEP,ATIC 
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